Aims Considerable variation in seed size commonly exists within plants, and is believed to be favoured under natural selection. This study aims to examine the extent to which seed size distribution depends on the presence of competing neighbour plants. † Methods Phaseolus vulgaris plants rooting with or without a conspecific neighbour were grown in soil with high or low nutrient availability. Seeds were harvested at the end of the growth cycle, the total nitrogen and phosphorus invested in seed production were measured and within-plant seed size distribution was quantified using a set of statistical descriptors. † Key Results Exposure to neighbours' roots induced significant changes in seed size distribution. Plants produced proportionally more large seeds and fewer small ones, as reflected by significant increases in minimal seed size, mean seed size, skewness and Lorenz asymmetry coefficient. These effects were different from, and in several cases opposite to, the responses when the soil nutrient level was reduced, and were significant after correction for the amount of resources invested in seed production. † Conclusions Below-ground neighbour presence affects within-plant seed size distribution in P. vulgaris. This effect appears to be non-resource-mediated, i.e. to be independent of neighbour-induced effects on resource availability. It implies that, based on current environmental cues, plants can make an anticipatory adjustment of their investment strategy in offspring as an adaptation to the local environment in the future.
INTRODUCTION
A considerable degree of variation in seed size within plants is commonly observed (Michaels et al., 1988; Silvertown, 1989; Ruiz de Clavijo, 2002; Völler et al., 2012) . Such variation is often interpreted as an adaptive bet-hedging strategy (Harper et al., 1970; McGinley et al., 1987; McGinley and Charnov, 1988; Venable and Brown, 1988; Geritz, 1995) . Many studies also reveal that plants modify the pattern of variation (i.e. distribution) to cope with their abiotic environmental conditions (e.g. temperature, Wulff, 1986; light, Galloway, 2001; nutrients, Galloway, 2001; water, Parciak, 2002 ). Here we demonstrate that seed size distribution may also be modified in response to the presence of a below-ground neighbour.
Within a species, seed size (following common practice, seed size refers to seed weight in this paper) often correlates positively with the competitiveness of the offspring (e.g. Houssard and Escarré, 1991; Eriksson, 1999; Lehtilä and Ehrlén, 2005; Dubois and Cheptou, 2012) . Based on the trade-off, induced by resource limitation in plants, between competition (favours large seeds) and colonization (favours a large number of small seeds), Geritz (1995) extended an optimal offspring size model (Smith and Fretwell, 1974) by considering seedling competition and using evolutionary game theory. He assumed that (1) seedlings from larger seeds always outcompete seedlings from smaller seeds within a microsite, and (2) seeds are randomly dispersed over all microsites. He concluded that, due to the uncertainty of seed density (i.e. seedling competition intensity) in different microsites, plants producing seeds of various sizes would be favoured by natural selection. Meanwhile, they should adjust their seed size distributions in response to nutrient availability and the probability of seedling competition in microsites.
The most obvious impact of a below-ground neighbour is a reduction in soil resource availability (de Kroon et al., 2003) . Thus, one might intuitively assume that introducing belowground neighbours will have effects on the within-plant seed size distribution similar to those of limiting nutrients. The consequences often include a smaller mean seed size (e.g. in Desmodium paniculatum, Wulff, 1986; Campanula americana, Galloway, 2001; Sarcobatus vermiculatus, Breen and Richards, 2008) and a narrower seed size range caused by a decline in maximal seed size (Geritz, 1995) .
However, the presence of a neighbour indicates not only a reduction in resource availability, but also, when seed dispersal is limited, future competition in the next generation (Geritz, 1995) . That is, offspring of plants that grow close to neighbours are more likely to experience competition. A modelling study predicts that the adaptiveness of plant responses to environmental cues increases with the extent to which these cues accurately indicate future environmental conditions (Wong and Ackerly, 2005) . Recent evidence shows that plant roots can detect neighbouring plants, independently of resource status (reviewed in Chen et al., 2012) . This would leave open the possibility that plants can use neighbour cues to adjust their reproductive strategy to the probability of seedling density in next seasons. Indeed, the model of Geritz (1995) predicts that as total seed density within the seed shadow of a plant increases with neighbour density, its seeds will have a higher probability of dispersal to a microsite with several other seeds, and that the production of larger seeds owing to their advantage in competition should be favoured over the production of smaller ones. Empirical evidence shows that Bromus madritensis has fewer small seeds with more equal seed provisioning in response to higher competition intensity, but not to lower soil nutrient level (Violle et al., 2009) . Similarly, in the marine animal Bugula neritina, mothers experiencing competition produce larger offspring (Allen et al., 2008) .
Therefore, we hypothesize that (1) if plants only respond to resource reduction effects of below-ground neighbours, they should produce seeds with a smaller mean size and a smaller maximal size. On the other hand, (2) if they respond to nonresource effects of below-ground neighbours, which indicate a higher likelihood of seedling competition in the future, they should invest proportionally more in large seeds within the size distribution. This would imply that the perception of current environmental cues enables plants to adjust their offspring investment as an adaptation to the future environment.
To test these hypotheses, we performed an experiment using Phaseolus vulgaris plants. This species has been shown to detect its conspecific neighbours (Maina et al., 2002) . Its limited seed dispersal distance, caused by the relatively large seed size, implies that seeds from such competing plants have a high chance of experiencing seedling competition with seeds from their neighbours. For this species, plants from large seeds outcompete plants from small seeds via faster seedling growth (Cipollini and Stiles, 1991) .
The experiment was conducted with plants rooting either with or without a conspecific neighbour in soil with high or low nutrient level. In addition to the mean and coefficient of variation (CV), which cannot specify changes in investment in the production of small and large seeds, we applied a set of descriptors to comprehensively characterize the within-plant seed size distribution. Furthermore, we used the total amounts of nitrogen and phosphorus in seed production as covariates in the analyses to disentangle neighbour-induced non-resource effects from neighbour-induced resource reduction effects.
MATERIALS AND METHODS

Experimental design
The experiment was conducted at a plastic greenhouse facility of Utrecht University, Utrecht, the Netherlands. Commercially available seeds of Phaseolus vulgaris (red kidney bean, 'Canadian wonder') with similar size were selected and sown solitarily in small pots (0 . 25 L) with moist sand. Seven days later, seedlings with a height of 10 cm and having two healthy leaves were selected and transplanted into round plastic pots (19 . 5 cm height × 25 cm diameter, 7 . 5 L) filled with a mixture of potting soil and sand (1 : 2 in volume). These seedlings were randomly subjected to one of four treatments involving a below-ground neighbour ('presence', two plants in one pot; 'absence', two plants in two adjacent pots) and soil nutrient level ('high' or 'low' achieved with 1 . 0 or 0 . 3 g L -1 nutrient solution containing 19 % N + 6 % P 2 O 5 + 20 % K 2 O + 3 % MgO + micronutrient fertilizer; Kristalon Blauwmerk, Yara Benelux, the Netherlands). To standardize above-ground interactions, the seedling pairs were planted so that the distance between the two (measured from the stem) was 12 . 5 cm in both treatments (i.e. within the pot or between the plants in their own pots). During the cultivation period, every pot received 240 mL nutrient solution (high or low) twice a week. Plants were grown in a plastic-roofed greenhouse where light availability was 50 % of natural daylight, and watered daily (except on the days when nutrient solutions were applied) from June to October. Each treatment combination consisted of 24 plants (i.e. 12 pairs), which were arranged in two blocks on benches to take microenvironmental variation in the plastic greenhouse into account.
Harvest and measurements
On 10 October 2012, at the end of the growth cycle when most of the leaves were yellow and dry, pods were harvested ( 114 d of growth). Most plants had many ripe pods and some aborted small pods, but on several plants we also found a few unripe ones. Hence, pods were divided into ripe, aborted and unripe groups, oven-dried at 70 8C for 4 d and weighed separately. We summed the mass of the three pod groups to determine total pod mass for each plant. We did not harvest the vegetative parts of the plants, as these were largely gone by the time of harvesting.
As seeds in aborted pods were undeveloped and seeds in unripe pods were still at intermediate developmental stages, they could not be treated in the same way as the mature seeds in ripe pods and included equally in the seed pool for the next generation. Consequently, only viable seeds (easily distinguishable from aborted ones by appearance and weight) from ripe pods (.95 % of the harvested pods) were weighed individually and used for subsequent analyses. After measuring the dry mass of individual seeds, all viable seeds of each mother plant were ground to a powder. Then total nitrogen content and total phosphorous content were determined with a continuous flow analyser (Skalar, Breda, the Netherlands) after Kjeldahl digestion.
To comprehensively characterize the within-plant seed size distribution for each plant, we not only calculated the mean and CV, but also applied additional descriptors, including maximal (i.e. heaviest) and minimal (i.e. lightest) sizes, which define the absolute range of the distribution; skewness, which quantifies the degree of number-related asymmetry of the distribution (Sokal and Rohlf, 1995) ; the Gini coefficient, which describes the degree of resource investment bias (i.e. size inequality or hierarchy) in the distribution (Weiner and Solbrig, 1984 ; see also the bias adjustment in Deltas, 2003) ; and the Lorenz asymmetry coefficient, which differentiates the major contributor (large seeds versus small seeds) to resource investment bias (Damgaard and Weiner, 2000) .
Data analysis
In the experimental set-up, two adjacent plants were nested in each plant pair, and all plant pairs were nested in two blocks. We examined the overall effect of a below-ground neighbour on within-plant seed size distribution using linear mixed models with below-ground neighbour ( presence versus absence), soil nutrient level (high versus low) and their interaction as fixed factors, with block and plant pair as random factors.
Since the amount of resource invested in seed production accurately represents the effects of plant nutrient availability (i.e. both soil nutrient level and neighbour-induced resource reduction), the neighbour-induced non-resource effect on seed size distribution can be examined by correcting for the level of resource investment in seed production in the analyses. This was done with linear mixed models, in which below-ground neighbour ( presence versus absence) was introduced as a fixed factor, resource investment (i.e. total seed mass, and total amount of nitrogen or phosphorus in seed production) as covariate, with block and plant pair as random factors. In other words, the detection of a significant non-resource effect of a belowground neighbour provides evidence that neighbour presence can affect the seed size distribution irrespective of its effect on resource availability for seed production, as represented by the level of resource invested in seeds.
Total pod mass, total seed mass, total nitrogen and total phosphorus content were log-transformed and seed number was square-root-transformed. For all the analyses, the interaction term was excluded from the full model if it did not show significant effects (Supplementary Data Tables S1-S4 ). All statistical analyses were performed using the lme4 (Bates et al., 2013) and lmerTest (Kuznetsova et al., 2013) 
RESULTS
In total, 3001 mature seeds were collected and analysed. For each treatment combination, the within-plant seed size distribution (relative numbers and masses of seeds in different size categories) of P. vulgaris is presented in Fig. 1 .
Overall effect of a below-ground neighbour
Total pod mass, total seed mass, seed number and total amounts of nitrogen and phosphorus in the seeds produced by individual plants were significantly reduced by a below-ground neighbour and low soil nutrient level, but only for seed number was there a significant neighbour × nutrient interaction effect (Table 1 , Fig. 2) . Lowering the nutrient level in the soil significantly reduced maximal seed size while leaving minimal seed size unchanged. In contrast, growing with a below-ground neighbour had no effect on maximal seed size, but significantly increased minimal seed size (Table 1, Fig. 3A, B) . Mean seed size and skewness were significantly increased by the presence of a below-ground neighbour, but were not affected by lowering soil nutrient level (Table 1, Fig. 3C, E) . Neither a below-ground neighbour nor soil nutrient level had an effect on the CV or adjusted Gini coefficient (Table 1 ), but they both significantly increased the Lorenz asymmetry coefficient (Table 1, Fig. 3G ). The neighbour × nutrient interaction was not significant for any of the listed distribution descriptors (Table 1) .
Non-resource effect of a below-ground neighbour
When the level of resource investment in seed production (i.e. total seed mass, total nitrogen content or total phosphorus content) was included in the analyses as a covariate to represent the effects of nutrient availability (i.e. both soil nutrient level and resource reduction caused by the neighbour), the non-resource effect of a below-ground neighbour was still significant ( Table 2) . As in the analyses of the overall effects of neighbours (Table 1) , such non-resource effects entailed significant increases in minimal size, mean size, skewness and Lorenz asymmetry coefficient of the distribution (Table 2) . On the other hand, the non-resource effects on maximal seed size depended on the level of resource investment in seeds (Table 2 ). Mean seed size was also significantly reduced by limiting the resource investment level (Table 2 ).
DISCUSSION
Our results show that the greatest plasticity in plant seed production in response to reduced resource availability occurred in terms of number reduction ( Fig. 2C ; see also Harper et al., 1970; Venable, 1992) . However, a negative response of mean seed size to a lower resource investment level was also found (Table 2) , which is consistent with many studies (e.g. Wulff, 1986; Galloway, 2001; Breen and Richards, 2008) . This reduction was associated with a decline in maximal seed size, which is too costly to be maintained at high values (Geritz, 1995) . Together, these results indicate that the quantity of seeds (i.e. seed number) tends to be favoured over their quality (i.e. size) when resources are limited. The maintenance of minimal seed size at low nutrient availability might imply that a basic level of resource storage should be achieved for seedling germination and survival at early developmental stages (Geritz, 1995) .
As neighbour presence typically entails a reduction in resource availability and thus lower resource investment level in seeds (Fig. 2D, E) , the effects of neighbour presence on seed size distribution could be mediated through reduced resource availability. However, in our study (1) the overall effects of a belowground neighbour on various descriptors of the size distribution were different from, and in several cases opposite to, those of lowering nutrient availability in soil; (2) the non-resource effects of a below-ground neighbour were significant when plants were compared at the same level of resource investment in seed production; and (3) significant interaction effects were seldom found. These findings clearly indicate that the presence of a below-ground neighbour had effects that were independent of resource availability.
The responses of within-plant seed size distribution to nonresource effects of neighbours can be mainly interpreted as a maternal adaptation (Burgess and Marshall, 2014) to the future environment conditioned on current environmental cues (Wong and Ackerly, 2005) . Due to the competitive advantage of large seeds (especially in dense populations; e.g. Houssard and Escarré, 1991; Eriksson, 1999) , the presence of a neighbour, which indicates a higher likelihood of intensive seedling competition, would favour the production of large seeds. Indeed, in our study we found that plants with neighbours produced relatively fewer seeds in small size categories, as reflected by the increases in both skewness and minimal seed size (as shown in Fig. 1A, C) . The larger values of the Lorenz asymmetry coefficient with an unchanged Gini coefficient suggest that plants with neighbours produced relatively fewer very small seeds and relatively more very large seeds. Together, this resulted in larger mean seed size in plants with neighbours, consistent with our second hypothesis.
The findings of non-resource effects also provide evidence of root-mediated neighbour detection in P. vulgaris plants. In the -denotes that the interaction term was excluded from the full model when its effect was not significant (Supplementary Data Table S1 ).
last decade, considerable research has shown that plants are capable of discriminating self from non-self (e.g. Falik et al., 2003) and even the relatedness (e.g. Dudley and File, 2007; Fang et al., 2013 ) of a conspecific neighbour via root interaction independently of nutrient availability. However, the mechanisms underlying this detection are still unclear (Chen et al., 2012) . So far, most of these studies have mainly focused on root growth (e.g. Falik et al., 2003; Fang et al., 2013) , although some have also paid attention to the responses in biomass allocation to reproduction (e.g. Gersani et al., 2001; Dudley and File, 2007) . Our study extends current understanding by demonstrating that root-mediated neighbour detection can also influence plant reproductive strategy in terms of seed size distribution. Another example of the effect of neighbour presence on developmental processes in plant reproduction is provided by Viola tricolor, in which rooting with neighbours increases pollen tube growth rate much more than the availability of nutrients (Lankinen et al., 2013) . In contrast to our finding that competition with below-ground neighbours increased mean seed size but left the CV unchanged, some studies using other species have shown that mean seed size stabilizes (e.g. Weiner et al., 1997; Halpern, 2005; Violle et al., 2009 ) but the CV varies in response to neighbour density (e.g. Halpern, 2005; Violle et al., 2009) . This may simply indicate that plant species differ in their adaptive traits related to seed size distribution (Harper et al., 1970) . More importantly, however, our results suggest that the mean or CV of seed size is just one element of a complex in the distribution and may not be sufficient by itself to describe the changes. More descriptors that specify the range (maximal and minimal size), the degrees of asymmetry (skewness) and the size hierarchy structure (Gini and Lorenz asymmetry coefficients) of the distribution are needed to get more insight into the offspring investment strategy of plants.
To our knowledge, the current study is the first to demonstrate that the presence of a below-ground neighbour alters seed size distribution within plants. It provides an example of anticipatory maternal effects (Burgess and Marshall, 2014) . That is, a neighbour in the current generation carries a reliable cue that increases the predictability of the next generation's density in the future, and plants can use it to adjust their bet-hedging (i.e. seed size distribution) accordingly (Wong and Ackerly, 2005) . It also evokes the need for further studies of the mechanisms of below-ground neighbour detection, as well as the subsequent crosstalk between below-and above-ground plant parts in influencing reproductive strategy. Insight into such neighbour-induced responses may also be important for agriculture, as crops tend to grow in close proximity to conspecific neighbours, and seed size and uniformity therein are important quality measures in crops.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 : selecting models that test overall effects of below-ground neighbours and soil nutrient level. Table S2 : selecting models that test nonresource effects of below-ground neighbours by correcting for total seed mass. Table S3 : selecting models that test non-resource effects of below-ground neighbours by correcting for total nitrogen content. Table S4 : selecting models that test non-resource effects of below-ground neighbours by correcting for total phosphorus content.
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